Atmospheric teleconnection circulation patterns associated with severe and mild ice cover over the Great Lakes are investigated using the composite analysis of lake ice data and National Center of Environmental Prediction (NCEP) reanalysis data for the period 1963-2011. The teleconnection pattern associated with the severe ice cover is the combination of a negative North Atlantic Oscillation (NAO) or Arctic Oscillation (AO) and negative phase of Pacific/North America (PNA) pattern, while the pattern associated with the mild ice cover is the combination of a positive PNA (or an El Niño) and a positive phase of the NAO/AO. These two extreme ice conditions are associated with the North American ridge-trough variations. The intensified ridge-trough system produces a strong northwest-to-southeast tilted ridge and trough and increases the anomalous northwesterly wind, advecting cold, dry Arctic air to the Great Lakes. The weakened ridge-trough system produces a flattened ridge and trough, and promotes a climatological westerly wind, advecting warm, dry air from western North America to the Great Lakes. Although ice cover for all the individual lakes responds roughly linearly and symmetrically to both phases of the NAO/AO, and roughly nonlinearly and asymmetrically to El Niño and La Niña events, the overall ice cover response to individual NAO/AO or Niño3.4 index is not statistically significant. The combined NAO/AO and Niño3.4 indices can be used to reliably project severe ice cover during the simultaneous -NAO/AO and La Niña events, and mild ice cover during the simultaneous þNAO/AO and El Niño events.
INTRODUCTION
The impacts of the El Niño-Southern Oscillation (ENSO) and the North Atlantic Oscillation (NAO)/Arctic Oscillation (AO) on Great Lakes ice cover were previously investigated. Assel & Rodionov () show that ice cover tends to be below average during El Niño events, but association between La Niña events and cold winters (above average ice cover) in the Great Lakes Basin is much weaker and less stable. Rodionov & Assel (, ) found that the relationship between ENSO and severity of winters in the Great Lakes is highly nonlinear. Strong El Niño events are associated with warm weather in the Great Lakes region, and the stronger the event, the milder the winter. The Pacific Decadal Oscillation (PDO) is also found to modulate the effect of the ENSO on the Great Lakes Winter Severity Index (WSI) (Rodionov & Assel ) . WSI is defined as the temperature for Duluth, MN, Sault Ste. Marie, MI, Detroit, MI, and Buffalo, NY, averaged over November through February (Quinn et al. ) . The correlation between ENSO and WSI is weak (À0.13) during the cold phase of PDO and strong (0.70) during the warm PDO phase. During the warm phase of PDO without a strong ENSO, winters are colder. This occurred in the late 1970s and early 1980s and was responsible for a high ice cover regime during those years. Assel & Rodionov () found that the negative mode of the NAO appears to be associated with above-average ice cover on the Great Lakes. Great Lakes ice cover tends to be below average with a positive NAO mode.
The AO was defined by Thompson & Wallace () In the negative phase of AO, higher-than-normal SLP over the Arctic induces weaker westerly winds in the upper atmosphere, which allows cold Arctic air to reach more southerly latitudes, resulting in a colder winter in the USA, but warmer weather in northeastern Canada. Wu et al. () studied the nonlinear association between the AO and North America winter climate and found that the linear com- reveal that overall Great Lakes ice responds linearly and symmetrically to both phases of NAO/AO, i.e., positive (negative) NAO/AO leads to less (more) lake ice cover.
More interestingly, lake ice responds nonlinearly and asymmetrically to El Niño and La Niña events. Strong El Niño events lead to less ice cover, while La Niña events lead to less ice cover if it is strong and to more ice cover if it is weak. Wang et al. () use the updated lake ice data from 1973 to 2011 to investigate the seasonal cycle and variations, interannual variability, periodicity, and the trend.
They found that the first two leading EOF modes of lake ice correspond to the teleconnection patterns associated with ENSO and NAO/AO. Nevertheless, the features of individual lake ice cover were not systematically examined in response to both ENSO and NAO/AO events.
In the northern hemisphere, the relationship between ice cover in small lakes and rivers and NAO and ENSO, as well as other major climate indices such as PDO and AMO (Atlantic Multi-decadal Oscillation) were investigated (Figure 1 ). The long-term mean AMIC is 53.9%, and the standard deviation is 21.3%. In this analysis, winters with normalized AMIC greater than or equal to 0.7 standard deviations (!69.3%) were identified as severe ice cover winters, and winters with normalized AMIC less than or equal to À0.7 standard deviations ( 40%) were identified as mild ice cover winters.
NCEP/NCAR reanalysis
We used monthly reanalysis data from the National Center 1949 (December 1948 , January 1949 , February 1949 ), 1950 (December 1949 , January 1950 , February 1950 , and so on until 2011 (December 2010 , January 2011 , February 2011 . In this study, SAT, SLP, surface winds, and 700 hPa geopotential heights were used. Note that regional SAT 69.3% and less than 40% are defined as severe and mild winters, respectively, using the 0.7 standard deviations. may be influenced or moderated by the ice cover, and hence SAT may be not an independent predictor.
Methods
The methods used in this study are the composite analysis plus Student's t-test and regression analysis (Wang et al. ) . Composite analysis is a widely used method to distinguish the responses associated with two phases of a climate pattern such as ENSO and NAO by averaging the data over the years when certain events occurred. Due to the small samples available in this study, the Student's t-distribution was used to determine the statistical significance between the two samples. Comparing the differences between two means using the Student's t-test requires two independent samples of sizes n 1 and n 2 , which possess means and standard deviations given by 
which is the value of a random variable having the t distribution with n 1 þ n 2 À 2 degrees of freedom. The null hypothesis is rejected if the two-tailed t-score exceeds the 90% confidence interval.
Since the severe and mild ice winters can be identified 
RESULTS

Climatology
To help interpret an anomaly of any variable, we first construct the climatology of 700 hPa height (Figure 2 
, where the bar denotes the time-mean climatology, the prime means the anomaly departing from the climatology, and (x, y, z 0 ; t) denotes the longitude, latitude, height (such as z 0 ¼ 700 hPa, and ¼1,000 hPa at surface) and time, respectively. Composite atmospheric teleconnection patterns associated with severe and mild ice conditions General speaking, one standard deviation apart from the mean is chosen to select severe and mild ice winters, which should be 75.2% for severe winters and 32.6% for mild winters. However, these criteria would provide few samples for both groups, which can lead to bias in statistical test. To avoid a small number of samples for both groups, 0.7 standard deviations was used, i.e., 69.3 and 40% were chosen for severe and mild ice winters, respectively. 1977, 1978, 1979, 1981, 1982, 1985, 1986, 1994, 1996, 2003, and 2009 . Mild ice cover ( 40%) occurred during the winters of 1964, 1966, 1969, 1976, 1983, 1987, 1995, 1998, 1999, 2000, 2001, 2002, 2006, 2010, and 2011 ( Figure 1 and see Table 1 ).
As is well known, SAT has an inverse relationship to lake ice cover with a correlation of ∼0.8 to À0.9 (Bai et al.
, ).
Large-scale atmospheric circulation pattern is usually represented by the 700 hPa geopotential height, which controls the advection of atmospheric temperature.
SLP field is the surface reflection of the 700 hPa height field, which can be translated to surface wind field, and hence is the direct driver of SAT by advection. Therefore, to investigate the SAT's impact on lake ice cover, largescale atmospheric circulation (700 hPa height), SLP, surface wind field, and SAT should be analyzed to reveal dynamic and thermodynamic mechanisms.
The composite maps of mean winter 700 hPa heights, SLP, winds, and SAT anomalies for these two groups of years, and the differences are shown in Lakes during the El Niño and þNAO/AO events, while Lake Superior has the highest reduction because the SAT anomaly is largest (around 1.8 W C).
The difference between the composite 700 hPa heights for severe and mild ice cover was constructed (Figure 3(c) ).
Significant negative difference centers are located in the subtropical belt, in the vicinity of the Great Lakes (negative), and in Europe (negative, Figure 3 Lakes ice extent as a whole has a linear relationship to NAO/AO and nonlinear and asymmetric relationship to ENSO, both with large scattering due to natural large interannual variability (Wang et al. ) . However, they did not examine the relationship of individual lake ice cover to these two indices. Our working hypothesis is that lake ice in each lake may respond differently, even to the same climate pattern such as NAO and ENSO, due to their geographic location, depth, orientation, etc. Therefore, it is necessary to investigate the lake ice features of individual lakes. The most interesting feature in Lake Erie is the poor relationship to either Niño3.4 or NAO/AO indices in most years (cases). Due to its shallow depth, the lake is ice covered from 70 to 100% in most cases. However, three out of five mild ice cover winters were associated with strong El Niño events, and four out of five mild ice cover winters are associated with strong þNAO/AO events, still indicating the existence of both strong El Niño and strong þNAO/AO signatures.
To further quantitatively describe the above relationships between the entire Great Lakes AMIC and individual lakes AMICs, Table 2 events: 1964, 1966, 1969, 1970, 1973, 1977, 1978, 1983, 1987, 1988, 1992, 1995, 1998, 2003, 2005, 2007, and 2010 (see Figure 3 (b) of Bai et al. () ). The average ice coverage during these 17 El Niño winters is 47.8% (Figure 8 ), which is below the long-term average (53.9% in Figure 1) . Thus, the impact of the El Niño events on Great Lakes ice cover is significant, but limited to the strong ones, in agreement with Assel ().
There were 15 La Niña events during the study period: 1965, 1968, 1971, 1972, 1974, 1975, 1976, 1985, 1989, 1996, 1999, 2000, 2001, 2008, and 2010 (see During the period 1963-2011, there were 24 negative NAO/AO events (1963, 1964, 1965, 1966, 1968, 1969, 1970, 1971, 1972, 1977, 1978, 1979, 1982, 1985, 1986, 1988, 1996, 1997, 2001, 2004, 2006, 2009, 2010, and 2011) (see Figure 3 (b) of Bai et al. () ). The mean ice cover for all negative NAO/AO winters is 60.2% (Figure 8(b) ).
Average ice coverage of the 11 strong negative NAO/AO winters is 68.2%. This suggests that a negative NAO/AO has significant impacts on Great Lakes ice cover and explains the severe ice events in the Great Lakes, which cannot be explained by La Niña events.
There were 20 positive NAO/AO events (1967, 1973, 1974, 1975, 1981, 1983, 1984, 1989, 1990, 1991, 1992, 1993, 1994, 1995, 1998, 1999, 2000, 2002, 2007, and 2008) 1973, 1983, 1992, 1995, and 2007 . The average ice coverage for these winters is 41.4% (Figure 8(c) ), which is well below the long-term mean (53.9%), and is also lower than the mean ice cover of all El Niño winters (47.8%). Seven winters (1965, 1968, 1985, 1996, 2001, 2009, and 2011) are in state 4 (La Niña/ À AO), and the mean ice cover is 62.4% (Figure 8(c) ), which is larger than the long-term mean (53.9%) and larger than all -AO means (60.2%). Nine winters fall in state 2 (El Niño/ À AO) : 1966, 1969, 1970, 1977, 1978, 1987, 1998, 2003, and 2010 . Their mean ice coverage is 53.7% (Figure 8 1975, 1976, 1989, 1999, 2000, and 2008 and the average ice coverage is 44.2% (Figure 8 (c)), which is below the long-term mean (53.9%).
In summary, using the combined Niño3.4 and NAO indices, mild ice winters (state 1) and severe ice winter (state 4) can be reliably projected. For states 2 and 3, the competition of these two teleconnection patterns on influencing lake ice can be analyzed only case by case, depending on which index is stronger.
SUMMARY AND CONCLUSIONS
The atmospheric teleconnection patterns associated with severe and mild lake ice cover were examined, and the lake ice relationship with ENSO and NAO/AO were further investigated using lake ice observations for winters 1963-2011 and NCEP reanalysis data. Based on the above investigations, the following conclusions can be drawn: 
Because it has the smallest depth of all the Great
Lakes, Lake Erie is covered by ice in most years.
Unlike the other lakes, the nonlinear (or quadratic) relationship of Lake Erie ice cover to ENSO and the linear relationship to NAO/AO are the poorest. However, the mild ice cover is mostly related to either the strong El Niño or the strong þNAO/AO events, and their combination.
6. Using the combined Niño3.4 and NAO indices, mild ice winters (state 1) and severe ice winters (state 4) can be reliably projected. For states 2 and 3, lake ice conditions that are competitively influenced by the two teleconnection patterns may be estimated only case by case, depending on which index is stronger.
